Determination of Damaged Starch in Wheat Flour
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INTRODUCTION
The milling process of wheat produces a partial damage of starch granules in the flour caused by forces of compression, impacf shear or attrition. The amount of damage varies with the severity of the milling process and the hardness of the wheat kernel. Since the damaged granules absorb more water and are more susceptible to enzymatic hydrolysis than undamaged starch, they influence the water absorption, rheology, gassing power of a dough, and the crumb texture and crust colour of the baked products. Damaged starch is also a substrate for amylases which provide fermentable carbohydrate that is utilized by yeast. Therefore a certain degree of damage is in part desirable to promote the fermentation activity during bread malung, while an excessive damage promotes rapid starch hydration with resulting accelerated enzyme activity, sticky dough and problems in bread slicing'.
In pasta making the degree of starch damage favours the Maillard Reaction (MR) during the drying process, with an increase of unavailable lysine and dark colour2. The reducing sugars, produced by amylolysis of damaged starch, are in fact the limiting reactants in semolina for the development of MR during pasta drying at high temperature3.
The assessment of starch damage in flour or semolina is, therefore, of great importance for the milling, baking and pasta making industries.
During the past years numerous methods for starch damage measurement in flour have been developed.
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An improved enzymic spectrophotometric method (kit) was recently standardized4 and adopted by the American Association of Cereal Chemistss. An automated non-enzymatic method, the Chopin SD4 (Seedburo Equipment Co., Chcago IL), was also recently introduced6. Other analyhcal methods, such as NearMared Reflectance (NIR)' and RP HPLC' have also been reported. Several publications describing the comparison between enzyme and non-enzymatic agree that enzymatic methods are preferred for their better sensitivity.
All the above mentioned methods are often complicated and/or require expensive reagents and/or instrumentation and skilled operators.
The aim of this study was to develop an enzymatic method based on a maltose electrode probe and the enzyme a-amylase in solution.
The reactions involved are:
The damaged starch granules have, in fact, a characteristic of easy hydrolysis by amylolytic enzymes: in particular, the a-amylase allows a near complete hydrolysis of damaged granules w i t h minimum breakdown of native granules'. Thls hydrolytic process is biphasic: the initial rapid phase represents the hydrolysis of damaged granules and the second phase the slow hydrolysis of native starch':
glucose oxidase
The hydrogen peroxide produced in the third reaction is oxidized by an amperometric hydrogen peroxide platinum probe held at +650 mV (versus Ag/AgCl). The output current is correlated to the glucose present in the sample (reaction 3), then to the amount of maltose (reaction 2) and fmally to the damaged starch (reaction 1).
The amyloglucosidase and glucose oxidase enzymes were immobilized on the electrode surface, while the a-amylase was added in solution. Different types of enzymes and membranes and different procedures of immobdization were carried out in order to find the best operational conditions. In addition, calibration curves of glucose, maltose and starch damage were carried out to optimize analytical parameters such as pH, buffer, temperature, probe lifetime and response time.
Control wheat flours with different levels of damaged starch were analysed both through the biosensor and the standard reference procedures.
EXPERIMENTAL Materials
Six wheat flour samples (WFl-WF6), one wheat reference flour (WRF) from
MegaZyme pty Ltd and one wheat native starch (WNS) with a wide range of starch damage (from 2 to 7% flour weight, which covers the entire range ltkely to be experienced in commercial wheat flour and semolina) were used. 
Enzyme Immobilization Procedures
The Immobilon membrane was prepared by cross linking the AMG and GOD enzymes with RSA and glutaraldehyde and then covalently bonding on pre activated membrane following the procedure reported by Villarta et al 199314.
17 units of AMG, 17 units of GOD, 0.05 mg BSA and 1 pL of 0.25% glutaraldehyde were dissolved in 10 PL of 0.5 M KH,P04, pH 7.4 and placed on the membrane using a micropipette.
The co-immobilization of GOD and AMG on the Pall membrane was carried out asymmetrically following the procedure reported by Penguin et al 198915.
The immobilization of GOD and AMG on nylon net membrane was carried out following two different procedures: chemical activation of nylonI6 and the BSA-gl~taraldehyde'~; in the second procedure the nylon net was used only as support.
Probe Assembly
The maltose probe was assembled by placing onto an inverted electrode jacket, in the given order, the following membranes: cellulose acetate membrane, the enzymatic membrane with GOD/AMG enzymes immobilized, and the polycarbonate membrane.
The. membranes were then secured to the electrode jacket with an 0 ring.
The jacket was filled with the appropriate electrode filling solution, and the combination workingheference electrode was inserted into the jacket and screwed in place. The workmg electrode was pressed tightly against the inner membrane.
A constant potential of +650 mV was applied to the Pt working electrode.
Measurement Procedures

Proposed method
The maltose probe was immersed in a double wall glass beaker containing Aliquots of maltose or glucose standard solutions were then added, and the change in current was recorded after 3 min.
Starch damage determinalion
First step: to an appropriate amount (100 mg) of sample was added 1 .O mL of pre-equilibrated (25°C) a-amylase (50 U/mL). The a-amylase (Sigma) was previously purified in order to remove the impurity found (glucose, maltose). It was therefore dialyzed as follows: 1 ml of a-amylase solution, containing 2,000 units, was transferred into a dialysis tube SpectraPor Membrane 15,000 MW cut-off (Spectrum, Houston, TX) which was then sealed and immersed into a 1 L solution of 0.1 M phosphate buffer, pH 7.0.
The sample was immediately stirred on a vortex mixer for 5 sec and then incubated at 40°C for exactly 10 min. Then 5.0 mL of diluted sulphuric acid (0.2% vlv) was added to terminate the reaction, and the sample was filtered (Whatman No.
1).
Second step: aliquots of the filtered sample (10 pL, if necessary diluted in order to assure that the current response was in the linear range of the probe) were added into 3 mL acetate buffer where the electrode probe was equilibrated. The change in current related to H,O, produced was recorded after 3 min.
Rejerence method
The first step of the reference procedure is similar to that described for the biosensor procedure except for the type of a-amylase used (MegaZyme).
Second step: aliquots of the filtered solution (0.1 mL) were incubated with amyloglucosidase solution (0.1 mL, 2 U) for 10 min at 40°C. GOPOD reagent (4 mL) was then added to each tube, mixed on a test-tube stirrer, and the incubation was continued for another 20 min at 40°C. The absorbance at 5 10 nm was then measured.
Determination ojyree glucose plus maltose
The free glucose plus maltose in the wheat flour was determined by the.
biosensor procedure after the addition of the diluted acid solution instead of aamylase in order to stop the activity of endogenous enzymes. Then an aliquot of this solution was injected in acetate buffer where the probe was equilibrated and the free glucose (plus maltose) was measured.
Amylolytic activity of endogenous enzymes
The amylolflc activity of endogenous enzymes was calculated by the ratio between the fiee maltose plus glucose produced by the activity of these endogenous enzymes (determined as above without adding the acid solution) and the starch damage content.
RESULTS AND DISCUSSION
Optimization of Analytical Parameters
Hienzyme rmmohrlrzairon
The calibration curves for glucose and maltose using AMG/GOD enzymes immobilized by four different procedures are shown in Fig. 1 . In both curves, the highest sensitivity was reached using Immobilon AV affinity membrane with BSNglutaraldehyde procedure.
pH .sfiiu)
The effect of pH on the maltose probe response was evaluated using four buffer systems with pH values ranging from 4.0 to 9.0 and is reported in Fig. 2 . The optimum sensitivity of the probe was reached with acetate buffer fiom pH 4.5 to 5.5
with the maximum value at pH 5.0.
Tkmperature .s~iidy
Temperature study was canied out varying the temperature fiom 20 to 70°C.
The relative results are reported in Fig. 3 . The best response for the enzyme activity was obtained between 45 and 55"C, while the activity dropped at 70°C when protein denaturation occurred. The temperature selected was 25°C because at this temperature we obtained the best signdnoise ratio.
Calibration curves of gitlcose and maliose
The glucose and maltose calibration curves obtained with all parameters 
Probe lifetime
The probe lifetime during working conditions at 25°C and at 4°C during dry storage is reported in Table 1 . The probe showed good stability, retaining about 100% of its activity after 20 days and 60% after 40 days. 
Interferences study
Our probe was assembled with a cellulose acetate membrane (100 mwco) which was already used in previous w0rk17. So the common electrochemical 
flour samples (as shown in Table 2 ) gave a recovery of maltose in the range of 96-108%.
Analysis of wheat flour samples
The results of the determination of damaged starch, obtained with different wheat flour samples, showed a good correlation (? = 0.994, P 5 0.0001) with the reference procedure (Fig. 5) . The regression equation was DS = 73.27~ + 0.077
where DS = damaged starch and c = current (nA). The complete time of analysis of the innovative procedure was 20 min versus 50-55 min of the standard procedure1I-l3. Moreover our method can be readily automated with a flow injection apparatus, malung it highly suitable for a large number of tests.
From an economical point of view the biosensor method is more convenient than the reference procedure, because it uses low amounts of reagents and enzymes. AU=Arbitraq Units
The amylolysis activity of endogenous enzymes (a and p amylases) of the different wheat flour samples is reported in Table 3 . The WF5 sample showed the highest amylolytic activity, 32 AU, whle the WRF the lowest value, 17 AU. The low value of the reference material was expected, since this type of material should be, for its nature, very stable from an enzymatic, chemical and microbiological point of view.
CONCLUSIONS
This method, therefore, is a promising approach to a fast and accurate determination of damaged starch with a simple and rapid procedure using low amounts of sample, enzymes and reagents, inexpensive instrumentation and unskilled operators. In addition it allows an easy determination of the amylolytlc activity of endogenous enzymes. 
